Abstract Spatial learning and memory are critically dependent on the integrity of hippocampal systems. Functional MRI and neuropathological studies show that hippocampal circuitry is prominently affected among HIV-seropositive individuals, but potential spatial learning and memory deficits have not been studied in detail in this population. We investigated the independent and interactive effects of sex and HIV serostatus on performance of a spatial learning and memory task in a sample of 181 individuals with a history of cocaine dependence. We found that men showed faster times to completion on immediate recall trials compared with women and that delayed recall was significantly poorer among HIVinfected compared with HIV-uninfected participants. Additionally, a sex × serostatus effect was found on the total number of completed learning trials. Specifically, HIVinfected men successfully completed more learning trials compared with HIV-infected women. Results are discussed in the context of recent reports of sex and HIV serostatus effects on episodic memory performance.
Introduction
Deficits in episodic memory, the acquisition and retention of information for specific events or personal experiences, are common (approximately 40-60%) among HIV-infected individuals Reger et al. 2002) , significantly affect the capacity for everyday function (Heaton et al. 2004) , and have been linked to a dysregulation of activity in prefrontal-striatal and hippocampal networks (Thompson et al. 2005; Castelo et al. 2006; Maki et al. 2009 ). For example, Moore et al. (2006) found that the extent of postmortem putamen and hippocampal pathology in HIV-infected individuals significantly and independently predicted the severity of lifetime neurocognitive impairment. In an fMRI study of 54 HIV-infected and 12 HIV-uninfected women with a verbal memory probe task, Maki and colleagues demonstrated that HIV-infected women showed significantly decreased hippocampal activation during encoding and increased hippocampal activation during recall. These hippocampal alterations were also associated with poorer performance on the Hopkins Verbal Learning Test (HVLT) (Maki et al. 2009 ).
Most published investigations of episodic memory among HIV-infected individuals have targeted verbal (e.g., Murji et al. 2003; Woods et al. 2005) or visual information processing (Keutmann et al. 2016; Morgan et al. 2009 ). Memory for spatial and navigational learning has been relatively understudied among persons living with HIV/AIDS, despite converging evidence from the animal literature of deleterious effects of HIV on spatial memory (Vigorito et al. 2007; Carey et al. 2012 ).
The Morris water maze (MWM) has been employed in numerous studies of spatial learning and memory in rodents and is highly sensitive to both hippocampal pathology (Vorhees and Williams 2006; Redish and Touretzky 1998) and HIV (Sanchez-Alavez et al. 2000; Vigorito et al. 2007; Lashomb et al. 2009 ). Raber and colleagues introduced the Memory Island (MI) task as an MWM analogue for use with human subjects (Rizk-Jackson et al. 2006) . The task requires participants to traverse a virtual island to locate and recall four different objects. Task performance includes indices of spatial learning, immediate recall, and delayed recall. Thus, the MI task allows for a translational model of spatial learning and memory, which we employ in the current study.
In one such study using the MI task, Morales et al. (2012) found that HIV-infected women learned the task more slowly and showed significantly poorer delayed recall than HIVuninfected women. Furthermore, these effects were most prominent among HIV-infected women with documented neurocognitive impairment. The Morales study is unique as it is the first published study to examine HIV serostatus effects on spatial and navigational learning within an all-female sample. To our knowledge, no studies have examined MI performance in HIV-infected versus HIV-uninfected men. An examination of the performance of HIV-infected men is of interest given that men typically outperform women on spatial learning and memory tasks among non-clinical samples (Maeda and Yoon 2013; Driscoll et al. 2005; Moffat et al. 1998) .
Additionally, the Morales study participants were largely free of potentially confounding comorbid conditions including substance use, which may limit generalization of their results to a large subset of persons living with HIV. Notably, converging evidence suggests that crack cocaine use increases the risk of AIDS-related mortality and disease progression (Cook et al. 2008 ) and recent studies have reported an 11% prevalence of seroconversion among non-injection drug users (Kuo et al. 2011) . A study of 1395 women enrolled in the Women's Interagency HIV Study (WIHS) reported that verbal memory impairment was most evident among HIV-infected women who reported recent use of crack cocaine, compared with HIV-uninfected women (Meyer et al. 2013) . Additionally, a recent study of visuospatial episodic memory among HIV-infected and HIV-uninfected men and women substance users reported that impaired performance of the Brief Visuospatial Memory Test-Revised (BVMT-R, see Benedict 1997 ) was most prominent among HIV-infected women with a history of cocaine dependence (Keutmann et al. 2016 ).
In the current study, we administered the Memory Island task (Rizk-Jackson et al. 2006 ) to 67 HIV-infected and 114 HIV-uninfected men and women with a history of cocaine dependence. The purpose of this study was to investigate spatial learning and memory performance among HIV-infected individuals compared with HIV-uninfected individuals and among women compared with men. We hypothesized that (1) HIV-infected individuals would perform more poorly on the MI task compared with HIV-uninfected individuals and that (2) women would perform the task significantly more poorly compared with men.
Method Participants
Participants included 67 HIV-infected and 114 enzyme-linked immunosorbent assay (ELISA)-verified HIV-uninfected cocaine-dependent individuals enrolled in a larger NIH-funded study on the effects of sex and HIV serostatus on neurocognition. Participants were recruited from infectious disease clinics at Rush University Medical Center (RUMC), University of Illinois at Chicago (UIC), Ruth M. Rothstein CORE Center at Stroger (formerly Cook County) Hospital, community agencies, and by word of mouth. Potential participants with AIDS-defining or other CNS illness or injury, closed head injury with loss of consciousness greater than 30 min, seizure disorder, schizophrenia, untreated bipolar disorder, or current antipsychotic medication were not eligible for the larger study. Participants were 18-60 years old and fluent in English and had completed 8 or more years of education. All participants in the current study met DSM-IV criteria for lifetime cocaine dependence. At the time of testing, the majority of participants met criteria for early (24%) or sustained (68%) remission. Median number of days since last use was 60 for alcohol (range 4-11,688), 227 for cocaine (range 7-8034), and 730 for heroin 730 (range 7-10,227). Participants dually diagnosed with cocaine and opioid dependence were excluded from the study.
1 The sample was predominantly African American (86%), reflecting the demographic characteristics of cocaine-dependent individuals (CDIs) receiving medical and substance use care through UIC, CORE, Rush, and local substance use treatment programs. The study was approved by institutional review boards at Rush, the CORE Center, and UIC.
Procedure
Tests administered were part of a larger NIH-funded study protocol administered over two 120-150-min visits to RUMC's Department of Outpatient Psychiatry. Testing was conducted by bachelor's level research assistants under the 1 Data from 15 individuals on opioid substitution therapy were inadvertently included in the analyses. Follow-up sensitivity analyses were conducted removing those individuals on opioid substitution therapy to ensure that the present findings were not due to those select subjects, and since the findings did not change, those individuals were included in the final sample.
supervision of a board-certified clinical neuropsychologist (EMM). Written informed consent was obtained upon arrival at the first study visit. To detect recent substance use (within 2-3 days prior to testing), all participants underwent a rapid urine toxicology screen at the start of each visit, which tested for ten illicit and prescription drugs, including opioids, cocaine, cannabis, benzodiazepines, and amphetamines. Participants also completed a breathalyzer test to ensure abstinence from alcohol at the time of testing. If a potential participant tested positive for alcohol or other drugs, the visit was terminated, the participant received no payment, and the visit was rescheduled.
2 Participants were informed of these contingencies prior to the testing visit.
Measures

Clinical and personality measures
Participants completed the Wechsler Test of Adult Reading (WTAR; Wechsler 2001) to estimate premorbid verbal IQ and as an index of educational quality (Manly et al. 2011) . Participants also completed a series of paper and pencil measures of conditions comorbid with substance use disorders with potentially confounding effects on neurocognitive test performance. These included the Mood Disorders modules of the Structured Clinical Interview for DSM-IV (SCID; First et al. 1995) , PTSD Checklist-Civilian Version (Blake et al. 1995) , Wender Utah Rating Scale of symptoms of attention deficit disorder (Stein et al. 1995) , and Levenson SelfReport Psychopathy Scale, a measure of antisocial behavior for use with non-incarcerated individuals (Levenson et al. 1995) . HIV-infected participants' antiretroviral regimens were rated with the CNS Penetrance Effectiveness (CPE) scale (Smurzynski et al. 2011; Letendre et al. 2008) , which ranks each antiretroviral compound in the participant's current regimen according to its capacity to cross the blood-brain barrier. Total CPE score is obtained by summing the individual ranks.
Substance use
Participants were administered the SCID Substance Use Disorders module using the NetSCID (TeleSage, http:// www.telesage.com/products/netscid.html), a web-based computer-assisted version of the SCID (First et al. 1995) . Interviewers administered the Addictions Severity Index (ASI; McLellan et al. 1980) . Finally, participants completed the Kreek-McHugh-Schluger-Kellogg scale (KMSK; Kellogg et al. 2003 ), a questionnaire employed as a proxy for lifetime severity of alcohol, cocaine, and opioid use derived from participant's self-reported amount of money spent, frequency of use, and duration of the period of maximal use.
Spatial learning and memory
Participants completed the MI task (Rizk-Jackson et al. 2006 ), a computerized spatial learning measure.
3 MI requires participants to traverse a virtual island using a joystick to find a series of four different objects located in four different quadrants. The task consists of four visible target trials (1-4), four hidden target trials (5-8), and a single delayed recall trial 15 min after the last hidden target trial.
During each visible target trial (1-4), the object is marked with a spatial cue (i.e., a tall flag) to assist in navigating the island. Participants are instructed to move the cursor from a fixed geographic starting point to the object. Upon completion of each trial, participants returned to the central fixed starting point, but their spatial position was reoriented 90°. Following four visible target practice trials, participants completed four hidden target trials. During the hidden target trials (5-8), if a participant did not locate a hidden object within 120 s, an arrow cue appeared directing the participant to the target object. The computer recorded time required to locate the target item for each trial. Performance on the visible and hidden trials is indexed by (1) the mean times to completion for each trial block and (2) the total number of Bsuccessful^trials (i.e., the participant locates the object within 120 s) for each trial block.
Fifteen minutes following the last hidden target trial, a single delayed recall trial was administered. The delayed recall trial required participants to locate a specific target object within a 30-s time limit without cued assistance. Delayed recall was indexed by the percentage of time participants spent in the quadrant that contained the target. All dependent variables were selected based on the published MI literature (e.g., Morales et al. 2012; Rizk-Jackson et al. 2006) .
Results
Statistical analyses
Demographic, substance use, and comorbidity data were compared using factorial analyses of variance (ANOVA) for parametric data and chi-square tests for categorical data. Mean scores for times to completion for visible (practice) and hidden (immediate recall) trials were log transformed to handle the skewness in the distributions as these were time variables. A series of generalized linear models were used to examine the separate and interactive associations between HIV serostatus and sex on the Memory Island task. In addition, mean hidden scores were co-varied in the analysis of delayed recall performance to characterize amount of information retained over the delay period more precisely. All follow-up tests were computed using the appropriate error term from the primary mixed factor analysis. Greenhouse-Geisser corrected p values were used to control for family-wise error. Significance was set at p < 0.05. Tables 1 and 2 show demographic, comorbid characteristics and substance dependence grouped by sex and HIV serostatus. Groups were generally comparable on measures of demographic characteristics and comorbid psychiatric disorders, except for significantly higher mean PTSD-C scores among women compared with men (F(1, 177) = 4.37, p = 0.04) and a non-significant trend (p = 0.06) toward a higher percentage of African Americans among men compared with women. Subsequent MI analyses therefore controlled for PTSD and race. There were no significant group differences in alcohol and drug use severity or lifetime severity of cocaine, opioid, or alcohol use, (all ps > 0.08) except for a non-significant trend toward higher prevalence of lifetime cannabis use disorder among men compared with women (p = 0.06) (see Table 2 ). A higher percentage of HIVinfected women had undetectable viral loads compared with HIV-infected men (p = 0.04); however, there were no significant sex differences on other HIV disease characteristics, including percentage of participants prescribed combination antiretroviral therapy (cART), as well as current and nadir CD4 count (all ps > 0.07) (see Table 1 ).
Memory Island
A total of 97% of participants completed at least one successful Bvisible^trial (i.e., successfully located at least one of the four objects) and 71% of all participants successfully located at least one of four hidden objects. Table 3 shows the results of the separate and interactive associations between sex and HIV serostatus on the Memory Island visible, hidden, and delayed recall conditions.
Visible trials (practice)
Results from the visible (practice) trials (1-4) were analyzed as a validity check to verify participants' understanding of task requirements and ability to use the joystick. There were no significant main effects of sex or HIV serostatus for either times to completion or number of successful trials. There was no significant sex × HIV serostatus interaction on times (Fig. 1a) .
Hidden trials (immediate recall)
Results from analyses of the hidden trials showed a significant main effect for sex, with faster times to completion among the men compared with women (F(1175) = 7.34, p = 0.01, d = 0.36) (Fig. 1b) . No significant main effect for HIV serostatus or sex × HIV interaction were found on either mean time to completion or total successful hidden trials (ps > 0.05).
Delayed recall
Delayed recall performance is indexed by the percentage of time spent within the correct quadrant within a 30-s time limit. We found a significant main effect for HIV serostatus, with poorer recall among HIV-infected compared with HIVuninfected individuals (F(1, 174) = 6.63, p = 0.01, d = 0.35) (Fig. 2) . There was no significant main effect for sex (p = 0.23) or sex × HIV serostatus interaction (p = 0.51). 
HIV disease characteristics
Independent-sample t tests were conducted to investigate effects of HIV disease severity on MI outcomes. There were no significant differences between participants with undetectable (HIV RNA < 40) and those with detectable viral loads on any Memory Island outcome (ps > 0.06). There was a significant difference in delayed recall between HIV-infected individuals with a current AIDS-defining CD4 count (< 200) (M = 0.20, SD = 0.25) and those without (M = 0.47, SD = 0.39) (t(65) = 2.01, p = 0.05). This is most likely an incidental finding, as only nine (13%) of the 67 HIV-infected participants had a current immunologic AIDS diagnosis.
Substance use
A series of Spearman's rank-order correlations were conducted to investigate potential associations between severity of peak cocaine use and MI performance and potential differences in this association according to sex or HIV serostatus. No significant associations between MI outcomes and KMSK cocaine scores were observed (ps > 0.05).
Exploratory analyses
We conducted exploratory analyses of potential neurocognitive correlates of MI performance using the non-MI measures available for the study participants. These included measures of spatial working memory (n-back) (Hinkin et al. 2002) , strategic memory (HVLT) (Benedict et al. 1998 ), index of semantic clustering (Woods et al. 2005 , Meyer et al. 2014 , and visuospatial episodic memory (BVMT-R Delayed Recall) (Benedict et al. 1996; Keutmann et al. 2016) . We selected these measures based on known sensitivity to HIV effects and as validated measures of episodic memory or spatial processing. We conducted a forward multiple regression analysis with MI delayed recall as the dependent measure and the n-back, HVLT, and BVMT indices as predictor variables. Results showed that BVMT-R delayed recall and spatial n-back contributed significant and independent variance to MI delayed recall scores (β = .21, p = 0.008; β = 0.18, p = 0.04, respectively; multiple R = 0.31).
Discussion
The present study administered Memory Island, a spatial learning and memory task, to 67 HIV-infected and 114 HIVuninfected men and women with a history of cocaine dependence per DSM-IV criteria. We elected to focus specifically on cocaine-dependent individuals because HIV seroprevalence remains elevated among non-injection drug users, and recent evidence that neurocognitive risk and HIV disease progression is increased among HIV+ women with a history of crack cocaine (Kuo et al. 2011; Cook et al. 2008; Meyer et al. 2013) . Participants were generally comparable on measures of demographic characteristics, substance use, and comorbid psychiatric disorders with potentially confounding effects on memory performance. We had predicted that women would perform the MI task more poorly compared with men and that HIV-infected individuals would perform the task more poorly compared with HIV-uninfected individuals. Our results provide partial support for each hypothesis: the effects we observed were more selective than our initial predictions, which focused on more broadly descriptive MI scores. We found the predicted significant sex difference in MI performance, but only on the hidden (learning) trials component. Similarly, we observed significant differences in MI performance among HIV-infected compared with HIV-uninfected groups, but only on the delayed recall component.
Our finding of a sex difference in the amount of time required to locate the hidden objects is generally consistent with previous reports from non-clinical samples of a male advantage on the MI task (Piper et al. 2011; Rizk-Jackson et al. 2006) . Our finding that both HIV-infected men and women showed poorer delayed recall compared with HIV-uninfected groups replicates and extends the previous report by Morales et al. (2012) by demonstrating that spatial episodic memory impairment among HIV-infected individuals is not sex specific and is detectable among substance users. Additionally, these results are generally consistent with previous reports of impairment in verbal and visual episodic memory among HIVinfected individuals (Maki et al. 2015; Keutmann et al. 2016; Heaton et al. 2011) , indicating that episodic memory impairment associated with HIV disease is not modality specific.
Our results are not entirely consistent with previous studies of MI performance among non-clinical samples, as we observed a significant sex × HIV serostatus interaction rather than a main effect for sex for the number of successfully completed visible (practice) trials. Specifically, HIV-infected men significantly outperformed HIV-infected women, but performance among HIV-uninfected men and women did not differ. The significance of this finding is unclear. Compared with the non-clinical samples employed in most previous MI studies, our study population has considerably more complex medical and mental health histories and a much higher prevalence of potentially confounding comorbid disorders. This raises the question if increased variability might have masked more subtle within-group differences in MI performance on initial learning trials.
We previously reported that visuospatial memory performance was significantly poorer among HIV-infected women, but not HIV-infected men, compared with uninfected control groups (Keutmann et al. 2016) . Our current finding of impaired spatial memory performance among both HIV-infected men and women indicates that sex differences in neurocognitive performance among individuals living with HIV are selective and that HIV-infected women's neurocognitive performance is not universally impaired compared with HIV-infected men.
Additional neurocognitive studies will be necessary to characterize how neuroAIDS manifests itself among men and women and its potential clinical significance.
Although Memory Island was designed as a human analogue to the Morris water maze probe of hippocampal systems in rats, our preliminary data suggest that the MI task engages a more complex network of cognitive and neural mechanisms. An exploratory analysis suggested that both prefrontal (as indexed by strategic verbal memory and spatial working memory) and hippocampal (visuospatial delayed recall) systems contributed independently to MI delayed recall performance. Further, given the complex task demands of MI, successful performance most likely engages additional nonmemory cognitive mechanisms. In this regard, an early paper by Martin (1994) reported that compared with HIV-uninfected control participants, HIV-infected individuals showed deficits on a spatial navigational road map task, a measure of Begocentric^spatial processing critically dependent on integrity of prefrontal circuitry. It would be useful for follow-up spatial memory studies to include such navigational measures as comparison tasks to isolate cognitive components of MI performance more precisely.
More broadly, converging evidence suggests that HIV also exerts deleterious effects on non-conscious cognitive and neural memory processes, specifically in the domains of motor skills and probability learning, which are considered critically dependent on integrity of neostriatal-prefrontal systems (Fama et al. 2012; Martin et al. 2011) . These studies emphasize that HIV disrupts activity of multiple neural systems and are consistent with previous reports that pathology of both the putamen and hippocampus independently contributes to severity of neurocognitive impairment among HIV-infected persons (Moore et al. 2006) .
Our data are not without limitations. Our study sample was limited to cocaine-dependent men and women. Therefore, our findings may not be entirely generalizable to HIV-infected persons without a clinically significant drug history. Additionally, limiting our participants to those meeting lifetime DSM-IV criteria only for cocaine dependence was not feasible given that most SDIs misuse multiple substances. Thus, our findings do not reflect the effects of Bpure^cocaine dependence.
Of note, addiction literature indicates that compared with men, women appear be more susceptible to Btelescoping,ŵ hich is the rapid progression from initial use to dependence and from developing dependence to seeking treatment (Becker and Hu 2008; Greenfield et al. 2010) . These findings indicate that greater neurocognitive risk among cocainedependent HIV-infected women may reflect additive or interactive effects of HIV with sex-specific vulnerability to stimulant effects. Follow-up studies with assays of sex-steroid hormones and multiple neuroimaging methods that include MR spectroscopy and arterial spin labeling will be critically important to distinguish these effects and identify neural mechanisms more precisely. Finally, studies of substancedependent populations demand replication as well as detailed strategies for minimizing potentially confounding effects of psychiatric and medical disorders comorbid with substance dependence (see Martin-Thormeyer and Paul 2009) .
